The suitability of the wavelength range provided by silicon photodiode detector arrays for monitoring the spectral reflectance during epitaxial growth of GaSb, AIGaAsSb, and GaInAsSb, which have cutoff wavelengths at 25°C of 1.7, 1.2, and 2.3 p n , respectively, is demonstrated.
Introduction
In-situ optical monitoring during organometallic vapor phase epitaxy (OMVPE) provides insight into complex growth processes, and has led to improvements in the growth process and the resulting materials. Techniques for monitoring the epitaxial growth include spectral reflectance (SR), thermal emission, spectroscopic ellipsometry (SE), reflectance difference spectroscopy (RDS), and surface photoabsorption (SPA) [l] . Each of these optical probes is sensitive to different properties of a material, and thus could be used simultaneously to obtain complementary information during epitaxial growth. For example, RDS has been demonstrated to be a useful method for monitoring surface processes [2] , while SE enables accurate determination of thin film refractive indices and thicknesses 1131. SR can yield real-time information on the growth rate and complex refractive index [4-lo] , or more qualitative 1 information such as "fingerprints" of growth runs [11] [12] [13] .
Near-normal SR is a particularly attractive technique for in-situ monitoring because it provides information that can be quickly analyzed for closed-loop process control [ 5 ] , and is less expensive and easier to implement than most other in-situ process monitors. In previous studies, Si detectors were used. However, since antimonide-based alloys have smaller bandgaps and higher absorption over the Si wavelength range (typically 400-1 100 nm), it is not apparent whether these alloys are transparent enough in the Si detector wavelength range to enable growth rate and optical constant determination from the classical Fabry-Perot interference oscillations.
Previous work in InP-based materials indicated that absorption was significant in the wavelength range of the silicon detector, and improved results were obtained by using a PbS detector to extend the wavelength range to 2500 nm [7, 8] .
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Since it is desirable to use off-the-shelf, readily available components to maintain low costs, we investigated the usefulness of a conventional Si photodiode array (PDA) for monitoring in-situ the SR during growth of III-V antimonide-based materials. In this paper, we demonstrate that a Si PDA provides sufficient SR for determination of growth rates and optical constants of GaSb, AIGaAsSb, and GaInAsSb. Extracted growth rates compare favorably with layer thicknesses determined ex-situ using high resolution x-ray diffraction (HRXRD). Figure 1 shows a schematic diagram of the experimental setup. Optical fibers are used to direct white light from a 5 W tungsten halogen lamp to the vertical rotating-disk reactor, and the reflected signal to the Si PDA Spectrometer, which interfaces directly to the computer. The Si spectrometer is a commercial 5 12 element array with a dispersive element and has a wavelength range of 380 to 1100 nm with a 1.3 nm spectral resolution. Integration times as low as 10 ms may be used to acquire spectra, although for our growth rates a one second integration time was sufficient. The unit is compact and entirely contained on a PC card that plugs directly into a computer expansion slot. Calibration of the spectrometer to provide absolute reflectance values was accomplished by referencing the raw counts of a silver mirror to the mirror's absolute spectral reflectance. The SR as a function of growth time was acquired via a Windows-based program and stored to disk. Quantitative analysis of the reflectance was performed using a virtual interface (VI) model [4] to yield the growth rate and complex refractive index.
Experimental procedure and reactor development
The vertical rotating-disk reactor utilizes a mesh screen to ensure plug flow into the reactor gas expansion results in a recirculation below the window which can lead to heterostructures with graded interfaces. Because of high gas diffusivity, layer uniformity is unaffected by the larger optical window. The total obstruction from the optical window and mounting flanges used in these experiments has a 1.9 cm radius. GaSb, Gao.s3Ino.l7As0.*6Sb0.~4, and Alo.2Gao.gAso.o2Sbo.gg epilayers with 25°C cutoff wavelength, h, -1.7, 2.3, and 1.2 pm, respectively, were grown lattice matched to GaSb in the vertical rotating-disk reactor with HZ carrier gas at a flow irate of 10 slpm and reactor pressure of 150
Torr, as described previously
tritertiarybutylaluminum, trimethylantimony, and tertiarybutylarsine were used as precursors.
Layers were grown at 525 or 550°C on Te-doped GaSb, (100) misoriented 6" toward (1 11)B.
Epilayer composition was determined from HRXRD splitting of -20 scans, the peak emission in 300 K photoluminescence spectra, and the energy gap dependence on composition. Epitaxial layer thickness was determined within k 5% by HRXRD, using software based on the TaupinTagachi solution to dynamical x-ray diffraction.
Results and discussion
Reflectance at 650, 800, and 1000 nm as a function of time is shown in Fig. 3 . The initial 600 s corresponds to heat_up of the GaSb substrate from 25 to 525°C (Figs. 3a and 3c ), or to 550°C (Fig. 3b) The heat-up period is followed by 200 s growth of GaInAsSb ( Fig. 3 4 , 1000 s of AlGaAsSb growth (Fig. 3b ), or 42 s of GaInAsSb spacer layer growth and 1500 s of GaSb growth (only the initial 1360 s of GaSb layer growth are shown, Fig. 3c ). The GaInAsSb spacer > layer is necessary to obtain oscillations from GaSb growth on a GaSb substrate.
In all cases a small amplitude, high frequency signal is superimposed on the main signal related to layer growth. This high frequency signal is a beat frequency which arises due to susceptor wobble during rotation, and imperfect synchronization between the data acquisition and susceptor rotation rates. The effect of susceptor wobble has only a slight influence on data accuracy as discussed below.
Quantitative analysis of the reflectance to extract growth rates and optical constants ..
requires a minimum degree of transparency of a growing layer. Ideally, 'at least one full oscillation period should exist for the most accurate curve fitting analysis [4] . However, because absorption becomes significant for wavelengths much smaller than the bandgap of the layer, the oscillation amplitude decreases with increasing growth time. Figure 3 shows that for wavelengths longer than 800 nm, at least one oscillation occurs before the onset of significant absorption in all three materials, indicating that the wavelength range of Si photodiode arrays is suitable for monitoring the growth of these 111-V antimonides.
Using a VI model [4] , the growth rates of GaInAsSb at 525OC, AlGaAsSb at 55O0C, and
GaSb at 525°C were extracted at several wavelengths between 650 and 1000 nm from the data shown in Fig. 3 . Accurate curve fitting at wavelengths shorter than 750 nm was not possible for the GaInAsSb layer for two reasons. First, high absorption in the GaInAsSb layer limited the number of Fabry-Perot oscillations. Second, the GaInAsSb alloy composition was such that its complex refractive index, N, is similar to the GaSb substrate (N~1~&sb=4.73-i*0.73 vs.
NGaSb=4.97-i*0.65, at 800 nm and 525°C [results from this work]), resulting in oscillations with small amplitudes (see Fig. 3a) . Therefore, the noise due 1. 0 susceptor wobble places limitations on the signal-to-noise ratio. Wavelengths below 750 nm gave erroneously low growth rate values. Extracted growth rates from wavelengths between 750 nrn and 1000 nm, however, were consistent to within 0.4%. Therefore, reflectance signals at the longer wavelengths were used for more accurate data analysis. Analysis of the AIGaAsSb and GaSb layers indicated that wavelengths as short as 650 nm were still acceptable for extracting growth rates. 18.5 nm for the GaSb layer. Error in growth rate determination from the in-situ reflectance is directly related to the ability of the reflectance set-up to accurately measure absolute reflectance values. Knowledge of the absolute reflectance, and not simply the relative reflectance, is necessary for the virtual interface model to correctly separate the real part of the refractive index, n, from the growth rate, G, yielding physical growth rates (G) instead of optical thickness growth rates (n*G) [4] .
The growth of a GaSb epilayer at 550°C on a GaSb substrate was also monitored, yielding an in-situ thickness determination of 417.0 nm k 16.7 nm. Ex-situ HRXRD measurements determined an actual film thickness of 43 1.7 nm k 21.6 nm. Comparison of this layer with the GaSb grown at 525°C above therefore indicates an increase of the GaSb growth rate from 0.240 nm/s to 0.278 nm/s upon increasing the growth temperature from 525 to 550°C.
Optical constants (n and k) at the growth temperature for all three layers were also extracted using the VI model, and are shown in Fig. 4 for GaInAsSb at 525"C, AlGaAsSb at 550"C, and GaSb at 550°C. The accuracy of these values is limited by the accuracy of the absolute reflectance values determcned by the reflectance set-up, which have been determined to be &4% for our system. Unfortunately, little information is available about the refractive indices of these materials at the elevated growth temperatures. Therefore, comparison of our extracted data to literature values is not possible. 
